Intravascular ultrasound imaging (IVUS) was performed to elucidate the discrepancy between clinical history and angiographic findings and to measure the diameter and area of the lumen of the normal left coronary artery in 55 patients who presented with chest pain but had normal coronary angiograms. The left coronary artery (LCA) was scanned with a 4-8F, 20 MHz mechanically rotated ultrasound catheter at 413 sites. Atherosclerotic lesions were identified at 72 (17%) sites in 25 patients. The mean (SD) (range) plaque area was 5'55 (3-56) mm2 (2-26 mm2) and it occupied 28-8 (9'6)% (13-70%) of the coronary cross sectional area. Calcification was detected at 24 (33%) atherosclerotic sites in nine patients. The correlation coefficients for the lumen dimensions measured at normal sites by IVUS and by angiography were r = 0-93 (SEE = 0-43) mm for lumen diameter and r = 0'89 (SEE = 4.27) mm2 for lumen area (both p < 0.001). 16 of the 30 patients in whom no atherosclerotic plaques were detected in the LCA lumen by IVUS had no risk factors of coronary artery disease. The cross sectional area of 90 consecutive images of left main coronary artery (LMCA), proximal left anterior descending coronary artery (proximal LAD), and mid LAD was measured in these 16 subjects. The mean (SEM) areas at end diastole were LMCA 17'33 (7.98) mm2; proximal LAD 13'56 (5-85) mm2; mid LAD 9-75 (4.67) mm2.
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Intravascular ultrasound imaging (IVUS) was performed to elucidate the discrepancy between clinical history and angiographic findings and to measure the diameter and area of the lumen of the normal left coronary artery in 55 patients who presented with chest pain but had normal coronary angiograms. The left coronary artery (LCA) was scanned with a 4-8F, 20 MHz mechanically rotated ultrasound catheter at 413 sites. Atherosclerotic lesions were identified at 72 (17%) sites in 25 patients. The mean (SD) (range) plaque area was 5'55 mm2 (2-26 mm2) and it occupied 28-8 (9'6)% (13-70%) of the coronary cross sectional area. Calcification was detected at 24 (33%) atherosclerotic sites in nine patients. The correlation coefficients for the lumen dimensions measured at normal sites by IVUS and by angiography were r = 0-93 (SEE = 0-43) mm for lumen diameter and r = 0'89 (SEE = 4.27) mm2 for lumen area (both p < 0.001). 16 of the 30 patients in whom no atherosclerotic plaques were detected in the LCA lumen by IVUS had no risk factors of coronary artery disease. The cross sectional area of 90 consecutive images of left main coronary artery (LMCA), proximal left anterior descending coronary artery (proximal LAD), and mid LAD was measured in these 16 subjects. The mean (SEM) areas at end diastole were LMCA 17'33 (7.98) mm2; proximal LAD 13'56 (5-85) mm2; mid LAD 9-75 (4.67) mm2.
During the cardiac cycle the cross sectional area changed by 10-2 (4-0)% in the LMCA, by 8'3 (4-7)% in the proximal LAD, and by 9'8 (4.0)% in the mid LAD.
In 11 patients with plaques the change in cross sectional area in plaque segments (5-8(3-1) 15 The purposes of this study were: to compare IVUS with coronary angiography in the evaluation of the morphology of the left coronary artery (LCA); to assess the accuracy and feasibility of IVUS for measuring the dimensions of angiographically normal coronary arteries; to determine the dimensions of the normal LCA; and to study changes in the dimensions of the normal LCA during the cardiac cycle.
Patients and methods

PATIENTS
We studied 55 consecutive patients (28 men and 27 women aged (mean (SD)) 42-70 years (55 9 (7 2)) who underwent diagnostic coronary angiography for suspected ischaemic heart disease and were found to have angiographically normal coronary arteries. Each gave their informed consent to intracoronary ultrasound imaging. After coronary angiography each patient was given 3000 IU of intracoronary heparin. An 8F or a 9F guiding catheter was used to position the ultrasound catheter for IVUS imaging. A 0-014 inch guidewire was placed in the left anterior descending coronary artery (LAD) and we advanced the imaging catheter over the wire using a monorail technique to obtain coaxial images. The IVUS catheter was then drawn back slowly while the images were recorded in real time and stop frames (every 3-5 mm). The position of the IVUS probe was recorded on an x ray film at the points at which the stop frame IVUS images were taken.
INTRAVASCULAR ULTRASOUND DEVICE
We used an IVUS catheter with a 4-8F catheter sheath and a 20 MHz ultrasound transducer inside the catheter (Sonicath, Boston Scientific Corporation, Watertown, MA, USA). The transducer was mechanically rotated within the catheter at 900 rpm to provide cross sectional images on a 512 x 512 pixel ultrasound diagnostic imaging console (Diasonics, Milpitas, CA, USA). A simultaneous electrocardiogram was recorded below the IVUS images. The axial resolution of the catheter is about 150 ,um and the lateral resolution is about 300 um. The images were recorded on half inch S-VHS videotape for off-line analysis.
IVUS IMAGE ANALYSIS
All the IVUS images were digitised (32 frames in series) into a 512 x 512-pixel matrix by an image processing computer (ECHO-COM, PPG Hellige, Freiburg, Germany). The images were stored on a one gigabyte erasable optical disk (Maxtor, The Netherlands). These images were reviewed to identify the best frame, which was magnified by the built-in zoom function to measure the lumen diameter and cross sectional area.
Sixteen of the patients we examined, were regarded as truly normal subjects (see results). we repeated the procedure after correcting the threshold or region of interest. The area of the segmented lumen was measured after the removal of the catheter and guidewire artefact. We displayed the pulsatile variation of the cross sectional area of the lumen over at least three cardiac cycles. For each cardiac cycle we measured the maximum area, minimum area, and ECG-triggered end diastolic area. The IVUS images of the plaque segment in 11 patients were suitable for analysis of the cross sectional area. These values were compared with those of the normal segments in 16 controls.
ANGIOGRAPHIC MEASUREMENT
The cineangiogram was projected onto a 20 x 28 cm screen by an angiogram projection system (CAB-35B, Weinberger, Zurich, Switzerland). The LAD was magnified and drawn. The positions at which the IVUS images had been taken were then superimposed on the drawing. The diameter of the contrast free guiding catheter (8F = 2-67 mm, 9F = 3 mm) was used for calibration; the diameter of the vessel was measured by an image processing computer (Kontron, Cardio-500, Germany). The luminal area was calculated as: A = 1/4.7r.D2 where A is lumen area and D is lumen diameter.
STATISTICAL ANALYSIS
The values of lumen dimensions were presented as mean (1 SD). We used linear regression and correlation coefficients to examine the relation between the lumen dimensions measured on the IVUS images and those measured by angiography. We also calculated inter and intra observer variation for 30 IVUS images. We used the Paired t test to evaluate the variation in the cross sectional area during the cardiac cycle.
Results
MORPHOLOGICAL OBSERVATIONS
We examined 413 sites in 55 patients. IVUS images of normal coronary segment showed a circular or eliptical lumen with a smooth surface (fig 1) . We identified atherosclerotic plaques at 72 (17%) sites in 25 (45%) patients. The plaque area was (3.56)mm2 (2-26 mm2), and it occupied 28-8 (9 6)% (13-70%) of the coronary cross sectional area. Calcification was detected at 24 (33%) sites in nine patients, (fig 2) . Most of the plaques (84%) were eccentric (fig 3) . None (concentric, eccentric, calcified). These findings might be helpful for patient management and predicting prognosis. Preliminary in vitro studies showed a close correlation between intravascular ultrasonic and anatomical measurements of vessel dimensions,'2-'4 but results of in vivo studies were not consistent.9-"1 15 Area determination by quantitative angiography does not take account of the marked luminal irregularities sometimes found in diseased coronary arteries. We found that 17% of the angiographically normal sites in coronary arteries were not really normal. Moreover, the lumen dimensions varied during the cardiac cycle. We suggest that the dimensions obtained by IVUS are more accurate than those measured by angiography and postmortem studies. We showed that the cross sectional area of the lumen reached a maximum in early diastole. This accords with studies of the circumflex coronary artery in anaesthetised dogs.24 The change in the cross sectional area of the lumen of normal coronary arteries during the cardiac cycle was 102 (4 0)% in the LMCA, 8&3 (4 7)% in the proximal LAD, and 9-8 (4 0)% in the mid LAD. This change in area was much less in segments containing plaques in 11 patients with atherosclerosis. IVUS detected atherosclerosis in almost half of the patients in our study with normal angiograms. The clinical implication of these results remains to be clarified by longterm clinical follow up. Repeat catherisation and IVUS may well provide important pathophysiological and clinical information in patients with evidence of continuing coronary ischaemla.
We also measured the pulsatile variation in cross sectional area during the cardiac cycle. We established that this variation is too large to be ignored when these dimensions are measured. This finding shows that the pulsatile variation in dimensions must be taken into account when measurements derived from the IVUS image are compared with other imaging methods. Moreover, the pulsatile variation of the cross sectional area may offer a new index in evaluating the vascular function. 
